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Abstract

Logic isomers are labeled, 2-isomaorphic g raphs (Its{ implement the sawe logic function. Logic somers
may have siguilicantly diflerent power requirements even though they have the satne muinber of transistors
in the implementation. The power requirements of the isomers deprend on the transition activity of the
input signals. T'he power requircments of isomorphic g raph isomers of n-input NAND aud NOR gates
arc shiown, Choosiug the less power-consmning isoer jnstead of the others can yield significant power
savings.  Fxperimental results onoa rip ple-carry adder are presented to show that the implementation
using, the least power-consuming isomers requires apps o ximately 10% less power than the inplementation
usieg, the most powe r-consuming isomcrs. Sinulations of other random logic designs also confirm that
designs using, less power-consuming, isomers can reduce the logic power demand by approximately 10%
as ¢ o mpared Lo desip, ns N simg MoIC pow €1- CONSIIMME, 1S0MCers.

1 Introduction

The power consut ned in CMOS VLS] primarily results from charg ing and discharg ing the node capacitances
inthe VLSI circu it,. The implementation of alaogic function can be repsented by a labeled graph. There are

sever al differentimplementations possible evenif we constrainthe imple menta tions touse thesamenuimber of
transistors. Logic isomers are 2-isornorphic graphs that implement the same function. "The isomers of a log, ic
function have the samne nnnber of transistors but may have diflerent CV? f power requirements depending
on the transition activity of the mputs. Phis paper addresses the power requirciients of 1somers of n-input
NAND and NOR gates which can be rep resented by isomorphic graphs. 'The power requirements of general
2-1somorplic graph isomers will be the topic of a future paper. We show that a 2-input NAND gate has
two isomers which may have different power requirements beca use the inputs 10 1 the gate arc notequivalent
from a considaration of the CV? [ power requirements even though they may be logically cquivalent. We
also show expressions for the powor requiretnents of isomcrs of n-input. NAND a nd NOR gates. We thien
present simulation results of a ripple-carry adde r (o show how the diflerent power requirements of the
isomers may lead to significant power savings by a logic designer who chooses to implement the design
with the least power-consuming isomers based on Aransition activity simulations. The simulations were
performed using, a prototype ‘T'Ransition ACtivity SIMulat or called TRACSIM which we have developed for
the purpose of studyi ng transition activity in VESHdesigns. Our shmulation resu s on the ripple-carry adder
and oth er random logic designs show that V1, S designers may be able to re duce the CV? [ power donmiand

by approximately 10% by choosing the least power -consu minig isomers in the design,

*Parvtial support for this work was provided by the Office of Naval Rescarch under grant NOOGT-91-J-1009 at UCLA and
the Advanced Fhlight Computing, Prograin, NASA Code- C QACT RUOP HRG 03 at JPL.
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2 CV?f Power
2.1 Node Activily

The CV?f power [1] dissipated by a node depends on the switching behavior of the node. 11 the node
switches an average of & Limes every cyele, then the power dissipated by the node is 8GVYf. One needs 1o
take into account the dynamic transitions rather than the logical transitions made by the node. "T'o illustrate
the difference hetween dynamice transitions and logical transitions, consider the cireuit shown i figure 1. Let

Iigure 1: Example circuit for dynamic transitions

us assume that the inputs (a, b, and ¢) come from registers or flip-flops that have the same ontput delay so
that they all change at some thne instant g in the clock eyele under consideration. let us asswme that a, b,
and ¢ were all O before the start of the current clock eyele and that they all change to 1 in the current clock
cycle. Prior to the start of the dock cycle, the value of signal yis 1. Assuming the two NAND gates have the
same delay (AN), signal y will change to 0 at time £ -1 A when the ellect of the change of input ¢ propagates
to the output y. Signal y will then change back to 1 at thme o - 2A when the effect of the changes at the
a and b inputs propagates to the output y. Signal y thus undergoes two dynamic transitions (manifested by
a “gliteh™) even though it does not undergo any logical transition duriug the cycle under consideration. In
other words, & node may logically switeh only once during a cycle. However, a node may dynamically switch
multiple times hefore it settles i a machine eyele depending on the arrival of the inputs.

Definition 1 The transition activily (5,) of a wode (1) 1s defined lo be the ave ag number of dynamc
transitions made by the nvode in a single cycle.
2.2  l.ogic Isomers

A CMOS logic circuit 1nay be represented by a labeled graph. 'The graph representing, a CMOS cireuit is
constructed such that:

n the creut

e The vertices in the graph represent the source/drain connections of the transistors
¢ The edges i the grapl are the transistors that conmect particular souree drain vertices

Pigure 2 shows a cirenit. which implements the 4 iuput funetion f(a, b, e, d) = a'b'e’ | o'b'd along with its
Jlabeled graph. Consider a 2Z-input NAND function of two inputs & and y. Figure 3 shows one inplementation
of the NAND function along with its graph representation. VFigure 4 shows another implementation of
the NAND fonction along with the graph representation. The two graphs are isomorphic but the two
mplanentations may have diflerent. power requiretnents depending on the transition activity of the inputs,

The Awo diflerent isomorphic graphs iinplententing the NAND function are referred to as logic isomers of
the NAND function. There may be non-isomorphic graph implementations of a function that have the same

nuber of transistors (cdges). An example of a function which has non-isomorphic graph implementations
is the 4 dnput fuuction shown in figure 2. Another immplamentation of the function is shown iu figure b
along with its graph representation. The two implenmentations of the 4 input function are 2-isomorphic [2}.

s power requirements of only n-input NAND or NOR function rcalizations which have
isomorphic graphs; the power requircinents of general 2-isomorphic graph functions will be the subject of a
later paper. However, for the sake of completeness, we provide the definition of a 2-isomorphic graph:

This paper will addres
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Figure 3: 2-input NAND Isomr 1

Definition 2 Two graphs Gy and Gy arve said 1o be 2-isomorphic Flhey have civeuil correspondence which
implics that there is a one-to-onc correspondence belween the edge of Gy and Go and a one-lo-one corre-
spondence between the civeuils of (7 and Go, such that a cocunit in Gy forimed by certain edges of Gy has a
corresponding cireuil in G formed by the corresponding cdpcs of C o, and vice versa.

Note thatisomorphism is aspecial case of 2-isomorphism. We ar now in a position 1o provide a formal
defimtion of logic isomers.

Definition 3 Logic isemers arc labcled, 2-isomorphic graph vealizc ons of a logic funclion

Definition 4 The isomceric cardinality of a logic graph is e lotal wwmber of logic isomers of the graph.
Thus, ann-input. NAN 1) gate has anisomeric cardinality of n!. Thecirenit shownin fig ure 2 has anisomeric
cardimahty of 12,

2.3 NANI1) Isomers

Consider the 2-inpul NAND gate for the purpose of illustrating the diflerences in power dissipation in logic
isomers. Let us consider the behavior of the isomer infignre 3 forinput switching activity. Both nodes 1
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and 2 discharge i signal 2 is 1 while y switches from 0 to 1. Also, hoth nodes T and 2 will charge il signal
a s 1 while y switches from 1 1o 0. Now consider the isomer shown in figure 4. Only node 1 discharges if
signal ais 1 while y switches from 010 1. Siniilarly, only node 1 charges if signal - is 1 while y switches from
1 to G If the capacitances of nodes T and 2 are denoted by €y and Oy, then the amount of energy required
by the aforementioned operations in the two isomers are (Cy -] C)V? and OV respectively. The power
dissipated by the aforementioned operations is given by 8, (Cy - Co)V?f and S, ChV2 [ i the two isomers
since the operations occur with a frequency of &, f. The power dissipated in the two isomers due to the
switching activity of signal a is given by &, Cy V2 [ and 6,(C) -1 Co)V? [ respectively. Thus the total power
requited by the two isomers is given by:

Py b COVE T 6 (Cr Co)VP f
Py b, (Cy1 Co )V A8, (V2
where Py s the power dissipated in isomer 1 and 1% is the power dissipated inisomer 2. The two isoniers

may thus have different power requircinents depending on the transition activity 8, and by of signals 2 and
y- 106, > &y, then the first isomer is preferable to the sccond to conscrve power.
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The values OF thenode capacitances (g and Oy arc as {follows:
Cy: 3Cq- O
(":11 :)(«1([

where (7 is the diffusion capacitance of a transistor and (/7 is the load capacitance driven by the gate. The
value of ¢ will depend on the gale fanout and the interconnect capacitance (whicl depends on the net

routing). The ratio of the power required by one isomer to the power required by the other is given by:
) b (BC -1 €)1 6,(3Ca-1 Ch)
P g ¢ ‘ )
b0 (3Ca - Cry-l by (5Cq-1 Cy)
If we choose ¢ 1o represent the ratio O, /Cq, then the ratio of the power required by the isomers is given
by:

Bo, -l 38y L re(b, 1 by)
b, -1 Dby - v (s -1 By)

To understand the typical value of the paramicter 7, we look at the Honeywell RICMOS process [3] which
is used for ASIC design at JPL. The Honeywell RICMOS process has a typical routing capacitance of 1.4,
for cach Joad driven by the gate (where (7 is the gate capacitance of a transistor). I we assume that
the average Tanout is 4, then the typical value of Gy, is 9.6C,. Thus the typical value of re is 9.6, /Cy.
Typically, Cg = 4C,, which implics that a value of approxnnately 2.5 is typical for the paramneter re.

ryet

2 .4 Power Ratio

Daefimtion b The power vatio of a circuit is the ratio of the power vequived by the vnplemenlalion using
the mosl powcir-consuming tsomer Lo the power requived by vuplowentation using the least power-consuining
1somer.

For a two input NAND gate, the power ratio is given by:

.{)(S| -1 3(‘71) -1 7'(,'((‘?]" (Sy)

iy oz
! 36",{)6‘1 -| 7(1,((51 I(S/)

where we have assuined that 6; > 65, Figure 6 shows the typical power ratios of a two input NAND gate
for various values of the parameter ve. 'The asymiptotic value of the pow er ratio (the value when one signal
has a transition act ivity that is infi nitely times that of the other signal) js given by (h-fre)/(3-1r¢) whicl
implics that the upper-bound on the power ratio for a 2-iuput NAND gate is 5/3. The power ratios arce
plotted as functions of the ratio of th ¢ transition activity of the two inputs (v : 61 /60 ).

Thepowerratio of ann-input NAND  gate can beshowntlobe:

(31-1 14 1'(;)>‘7-': | O - ‘.)}".': y 16;

R : w A
(- 1) 61 2300 ik
where the activities are such that &) > 4y > . . . > fit, . I may be shown that an n-input NOR gate has a

siimilar expression for the power ratio.

The power ratio of a 3 input NAND gate (ora3-inputNOR gate) is thus:
, 8b) -1 Gy -t Ads -} (&) - by -t by)
. ‘ :

4(81 -{ ()(Sy -| 663 -} 7'(7(6] - (Sy ’| (‘)3)

where &) > 8y > 84,

The power ratio of a 4. imput NAND gate (or a 4 input NOR gate) can be shown to be:

»]1(7] -) 9(7/ -1 7(‘7;; -1 vr)(("j l 7‘(,‘(6] -l b:} -1 53 -} (‘)1)
96y - Ty -} Vb5 -1 1164 | 7'(?(51 4 by - byl 5-1)

To chioose the best isomer of an n-input NAND or NOR gate, we now propose two rules which can be used
by the logie designer (or a logic synthesis tool) to optimize the power dissipation in a Jogie design.
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Figure 6: 2-input NAND power ratio

Rule 1 If the logic graph has signals in scries tu the u-logic block, thew the sevics signals should be orderved
wilh vespeel 1o e signal transition acltivily; the lowcest activity signal should be closcst 1o the ground pin.

Rule 2 If the logic graph has signals in sevies i the p-logic block, then the series signals should be ordered
wilh vespect Lo the signal lransition aclivily; the lowest aclivily sigual should be closest 1o the Ve, pin.

3  Experimental Results

3.1 TRACSIM

TRansition ACtivity SIMulator (1R ACSIM) is a  toolthatwe developed to study the transition activ iy
in V1.SI circnits. Thie input to the shnulator is a netlist deseribing the crcuit along with the transition
activitics of the circuit inputs. We use a simplified timing model of circoit beliavior. We assume thaat all
the gates have tile same delay and that two sig nals changing at the inputs to a gate can cause al most one
transition only on the out put node. Thelatter assmmption is quite valid since SPICE simulations confirmed
thatthe 0(11]) 11( of a gate undergoces at most one transition ev enif two o1 more input s change aslong as the
inputs change within a certaintime window. I'he output from TRACSIM is a list of transition activities at
the nodes of the circuit along, with the power ratio of the circuit graph.

3.2 Ripple-carry Adder

TR ACSIM was used to simulate a 1ij)])lc-tally adder for variousnumber of inputs (4 bit, 8 bitand]6 bit
mputs) with diflerent transition activities on the iput signals, We simulated the ripple-carry adder with
t he same transition probability for each inputio « he adder (except « he car ry-ininput which was set t o ()
for 10000 cycles. Typically, the inputs to the adder are driven by register outputs and henee the trausition
activity of theinputs is less than 1. 1'hell stage of the ripple adder consists of two circuits: one to compute
the carry and tire other to compute the sum. ‘Fhe circuit for computing the carry consists of three 2-mnput
NAND gates and a 3 input NAND gate as shownin figure 7. The circuit for computing the sum consists
of fourd-input. NANI) gates and a 4 input. NAN 1) gateasshowninfigure 8. of thesignalsiuternaltothe
ripple adder, the carry signar has a fanout of 6 and the out puts of the mverters have a fanout ot 2 ¢ ach.
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Assuming thatthe routing capacitance for each load is 1.5¢7, and hat the sutn outjruts of the adder drive
unit loads, the average r¢ for the ripple adder is approximatelyl  Table 1 summarizes the power ratio of
the ripple-carry adder for a 4-bit adder (RA4),an8bitadd (RAt ), and @ 16-bhitadder (R A16) for various
values of the input transition activity (é;). 'The table shows that  he power ratio of the adder varies from
1.08 1o 1.12 which implies that the implementation using the least dower-consuniing isomers oflers a power
saving of approximatcly 10% over the inplementationus mg the i ost power-consunnng som ers, Figure 9

& | RA1 | RAS " RAIG
01 | 112 | 1.12 111

031112 1.12 1.1
051 112 | 1.11 1.11
0.7 | 112 | 110 1.09
0.91 1.12 1.00 1.08

Table 1: Ripple adder sower 1 tio

shows the transition activity of the carry signals of the ri)DI(-early : dder while figure 10 shows the transition
activity of the smin outputs of the adder.
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3.3 Random l.ogic

We simulated various random logic designs with various input transition activites for re: = 2.0 and found
that the power ratio of 1.1 was typical for most logic designs. This implies that a power saving of 10% is
possible by just a judicious choice of isomers by the logic designer.

4  TFuture Work

A couple of interesting problemns remain for future rescarch. ‘The first problem that will be looked into is
the generalization of the results on power ratio and the two rales of thumb to handle 2-isomorplic graphs.
The second problem that will be looked into is the dependence of the power ratio on the logic depth of the
arcuit. We have not simulated a sullicient numnber of random logic designs at the time of this publication
to make any conclusions regarding this problen,

5  Conclusion

We have presented a novel way of optimnizing power in CMOS VLSL. We have shown that the inputs 1o a
gate may not be equivalent from a consideration of the CV? [ power requireinents even though they may be
logically equivalent. Simulation results for a ripple-carry adder were presenied which showed a power saving
of approximately 10% in a low-power isomer design as compared to a ligh-power isomer design. ‘I'h
also confirmed by simulating other random logic designs. The only side-effect that results from using this
technique is that logically equivalent gate inputs way no longer he considered swappable by rouling tools.
Other than this side-cfleet, the power optimization oflered by the technique is free,

was
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